Abstract
Introduction

32
In most ecosystems, nitrogen (N) or phosphorus (P) limits primary production (Elser et increasing nutrient delivery a primary threat to coastal ecosystems (Vitousek et al. 1997b ).
42
Although anthropogenic enrichment often delivers both N and P, the concentration of 43 each nutrient will differ with the source of enrichment. For example, regions with intense 44 agricultural activity or urban development often have higher delivery of N to coastal waters 45 (Howarth et al 1996; Carpenter et al. 1998 ). In contrast, municipal and industrial wastewater, as 46 well as run-off from regions with intense livestock production, often deliver substantial P to 47 coastal systems (Conley et al. 2009 ). Geomorphology can also play a large role in shaping the 48 identity of nutrient loads as soil type, age, and pH affect sorption of P and its downstream 49 availability (Schachtman et al. 1998 ). Additionally, different N species (nitrate or ammonium) 50 are often found in different anthropogenic or natural nutrient sources and primary producers 51 often have significant preferences for one versus the other (Raven 1992) . Given that different 52 nutrient sources frequently deliver different ratios or types of N and P, it is imperative to 53 understand how altering the magnitude and identity of nutrients delivered to coastal systems will 54 impact them.
55
On coral reefs, increasing nutrient availability may be a critical driver of degradation as it 56 often promotes fast-growing algae that can hinder coral growth and survivorship (Mumby and the DIC available for calcification and reducing growth rates (Muscatine et al. 1998 
93
Here, we used meta-analysis of 208 independent experiments from 47 studies to quantify 94 the impact of N and P loading on coral growth and photobiology. With our data set, we were able 95 to assess: (1) how N vs. P impact corals differently, (2) how coral morphology and taxonomy 96 influence responses to nutrients, and (3) how the source of nutrient enrichment determines the 97 effect on corals. Our analyses reveal contrasting effects of N and P, illustrate the importance of 98 nutrient source for coral growth, and suggest that there are common patterns across ecosystems 99 in how altered nutrient supply affects the dynamics of nutrient-sharing mutualisms.
101
Materials and Methods
102
Coral growth is variously measured through calcification rates, skeletal extension rates, that in Acropora muricata, P enrichment caused increased extension rates but reduced skeletal 106 density. To account for these differences in our analyses, we divided coral growth responses into 107 metrics of: (1) calcification rates, (2) extension rates, and (3) skeletal density. Similarly, nutrients We compiled studies assessing the impact of N and P on any of the above metrics of 114 coral growth and photobiology using ISI Web of Science (1978 Science ( -2012 
Coral Growth
216
Nitrogen enrichment resulted in significant declines in coral calcification (mean = -0.278,
217
95% CI = -0.376/-0.181), which equated to 11% lower calcification rates on average (Fig. 1a) . In 218 contrast, P enrichment caused a significant increase in calcification, on average 9% greater than 219 controls (mean = 0.136, 95% CI = 0.011/0.262). When provided in concert, N + P had no effect 220 on calcification (Fig 1a) . Branching corals made up >70% of the replicates for all enrichment 221 treatments. Therefore, the effect of nutrients on calcification in branching corals was nearly 222 identical to the effect on all corals (Fig. 1b) . For mounding corals, N enrichment caused a greater significant decline in calcification (mean = -0.371, 95% CI = -0.518/-0.224) (Fig. 1e) suggesting the effect was not solely driven by morphology. N+P had no effect on calcification of
230
Porites spp, and no studies documented the impact of P in isolation on calcification.
231
For coral extension rates, both N and N+P had significant negative effects (mean = - replication (n = 5). Enrichment had no significant effects on skeletal density. However,
236
replication was low and there were trending negative effects of P and N+P enrichment, which 237 caused a nearly 9% and 10% decline in skeletal density respectively (Fig. C1b) .
238
When we assessed how background nutrient levels impacted the effect of enrichment, the 239 only significant pattern was a decline in effect size as control nutrient levels rose for the effect of 240 phosphorus on coral calcification rates (Table C1 ), suggesting that initial differences in nutrient 241 limitation minimally influenced patterns in effect sizes. Similarly, enrichment level had little 242 impact on effect sizes. In every case, linear models best described the relationship between 243 enrichment level and effect size, but these best fit models yielded no significant relationships 244 (Table C2 ). When we assessed how the ratio of N:P impacted corals, replication was only 245 sufficient to examine studies that utilized ammonium and phosphorus for enrichment. For these 246 studies, the relationship between effect size and N:P ratio was best explained by a quadratic 247 model for calcification and skeletal extension and a linear model for skeletal density (Table C3) .
248
The ratio of N:P provided had a marginally significant effect on calcification and a significant (Fig. 2b) . There was no effect of P on non-significant and highly variable and N+P lacked sufficient replication for analysis (Fig. 2d) . (mean = -0.508, 95% CI = -0.751/-0.264) but had no effect on calcification or skeletal density.
We were unable to explore the impact of enrichment source on coral photobiology because all 295 but two studies were from manipulative experiments. 
303
Nitrate caused a significant reduction in calcification (Mean = -0.476, 95% CI = -0.583/-0.369)
304
while there was no effect of ammonium (mean = -0.037, 95% CI = -0.150/0.075) (Fig. 4a) .
305
Nitrate also caused a significant increase in chlorophyll a density within Symbiodinium (mean 306 0.278, 95% CI = 0.017/0.538) but again ammonium had no effect (Fig. 4b) . In contrast, only source. This may also explain increases in Symbiodinium density under ammonium but not 344 nitrate enrichment, as marine microalgae often have higher specific growth rates when using 345 ammonium versus nitrate due to the differential costs of utilization (Raven 1992 ).
346
The density and species composition of mutualists may also shape the response of 347 symbioses to altered abiotic conditions. For example, species-specific plant traits shape the and Poritids than in branching morphologies or Acroporids (Fig 1) . Symbiodinium densities are Poritids or mounding species, possibly making these reefs more susceptible to the negative effects of excess nutrients than reefs in regions such as the Indo-Pacific with more Acroporids 364 and branching corals.
365
In contrast to the negative effects of nitrogen, P enrichment increased calcification rates 366 of corals (Fig 1) but had no effect on extension rates or skeletal density. This pattern was 367 surprising given that phosphorus inhibits calcium carbonate precipitation (Lin and Singer 2006) .
368
However coral calcification involves active biomineralization, rather than passive precipitation into the skeleton when phosphate is abundant, allowing calcification to proceed at high 371 phosphorus levels but distorting the skeletal lattice and creating a more porous coral skeleton.
372
While we found no significant evidence of reduced skeletal density to support this hypothesis,
373
five of six measurements in our analysis reported decreased skeletal density under P enrichment.
374
Decreased skeletal density but increased rates of calcification seem to be at odds with one N and P in our analyses was on Symbiodinium density with N+P enrichment having more than 385 twice the effect of N alone and 15 times more than P alone (Fig 2b) . analyses. Ultimately, N and P appear to impact the coral-Symbiodinium mutualism in 394 fundamentally different ways.
395
One surprising pattern in our analyses was the differential effect of enrichment source on 396 corals. Natural enrichment via fish excretion always enhanced coral growth (Fig. 3) . In contrast, little effect (Fig. 4) . Further, the combined ammonium and P delivered by fishes may benefit 405 corals more than N-dominated anthropogenic sources as N-only enrichment drove decreases in 406 coral calcification (Fig. 1) . Fishes may also be a source of particulate organic matter which 407 corals could ingest, further enhancing their growth rates (Meyer and Schultz 1985b Symbiodinium in coral tissue. Statistics as in Fig. 1 
